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Analysis of Curing Process and Thermal Properties
of Phenol-Urea-Formaldehyde Cocondensed Resins*!

Bunichiro ToMITA*?, Masahiko OHYAMA®®, Atsushi ITOH®"
Kiyoto Doi** and Chung-Hse HsE*®

Zx /= 2 ) 7HBEMEE OFELIERE L BAER DM

IEI"‘EB". j(UJég". ﬁ' H[“.
THMA, Farearey 4 —¢

Z7x/ =N 2 THEGRBORLARE, VvV —1, 2V 7R, vV~ L2 78
wﬂuwﬂéw.&évu.bUx%n—w7;/—wtzv7®lﬁmtwuuﬁbt.th.
NS DOMBOREROMEERIZ DL T bR 7,

ERZXDEIICZEDOND,

n lﬁﬂ7v7F¥%l&T?ﬁ&f§ﬂﬁﬂ.197ﬂﬁ®!mwmmﬁmtiﬁb.V
v—»m!mﬁ$+9mas.:xﬁ?rlmfaavv—wemmo:mzstmaaﬂ.!
{b“:‘:‘/‘/-n‘: D‘i&!féo gf:o “ﬂ&i. 7V‘/F”J®!ﬂ.’.ﬁ®ﬁfﬁﬁf‘o’$9 r:e

20 P AFO—ALT72/—NE2Y7ORBROBIEREIE 2 AN THITT S, BA
ﬁ@ﬁmu.ﬁmﬁmlhrﬂfn—WIOEmu.!k.liﬁ@ﬁﬁumx+n—W§O§
CHET L MEEANL, COREMIZ, BERICE MEELERL 72,

3) HRMSWMEE L)L ERic, 2ERMOBLARLERL ., £7:, MMMz, MEL g
EETHRES LB CHWOMBEERETRT  LOWBHL 7,

The curing processes of resols, urea-formaldehyde (UF) resins, their mechanical blends, and
phenol-urea cocondensed resins. as well as the reaction of 2,4,6-trimethylolphenol with urea. were
investigated with the torsional braid analysis method. The thermal stabilities of these resins after
curing also were compared.

The results were as follows :

(1) In the curing process of the mechanical blends under acidic conditions. it was found that the
self-condensation of UF resins dominates in the initial stages, and that the curing of phenolic resin
is apt to be incomplete. In alkaline curing, the blended resins require higher curing temperatures
than resol, and their heat-resistances after curing generally were poor.

(2) It was found that the reaction of trimethylolphenol with urea involved two stages. It was
suggested that the first stage at lower temperatures is attributed to the reaction of p-methylol groups
with urea residue, and that the second stage at higher temperatures is due to the reaction of o-
methylol groups and urea residue. This mixture gave a resin having a great heat-resistance after
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completion of the reaction.

{3) The curing process of the cocondensed resins also involved two stages. It was concluded that
alkaline curing is better than acidic curing for these resins, and also that the heat-resistances of the
cocondensed resins are superior to those of the mechanical blended resins.

Kevwords : cocondensation. phenol-urea-formaldehyde. curing process. thermal stability.

INTRODUCTION

In the preceding papers.'* we reported our success
in finding an effective method of producing coconden-
sation between phenol and urea through a reaction
with formaidehyde, and the synthesis of an alternat-
ing copolymer from 2.4.6-trimethylolphenol and urea
as well as several kinds of cocondensates which in-
cluded the self-condensation of phenol to some extent.
It also has been found that the chemical structures of
the cocondensed resins are greatly dependent on the
reactivities of methylol groups. The reactivities of p
-methylol groups to urea were greater than those of o
-methylol groups to urea in the reaction of 2.4,6-
trimethyloiphenol with urea.

Apart from these works on the synthesis of cocon-
densed resins, investigations on their thermal prop-
erties during and after curing were considered to be of
importance in developing their practical applications.
In this paper. we report that the thermal properties of
the cocondensates have been investigated by the tor-
sional braid analysis method (TBA), where the tem-
perature dependence of relative rigidity and logarith-
mic decrement can be followed. The curing processes
of the cocondensed resins, which will be considered to
relate to chemical kinetics on the reactivity of o- and
p-methylol groups, have been compared with those of
resol or mechanical blended resins of resol and urea.
formaldehyde (UF) resin. The reactions of a mixture
of trimethylolphenol and urea also have been anal-
yzed with the TBA method.

2. EXPERIMENT

2.1 Synthesis of resol and UF resins

Industrial grade phenol, urea, and 37% formalin
were used in all experiments. Resols were synthesized
with two molar ratios of formaldehyde to urea (F/
U=15 and 3.0) using a NaOH catalyst by heating at
80°C. Final pHs of both resols were 10.0.

A UF resin was synthesized with the molar ratio of
formaldehyde to urea (F/U=15) by two steps: {1)

methylolation at an initial pH of 8.0 (NaOH) without
pH adjustment during the reaction for 13min; (2)
condensation at pH 5.0 (HCl) for one hour. The
reaction mixtures then were cooled to room tempera-
ture and neutralized with NaOH solutions.

A blended resin was prepared by mechanically
mixing the same amounts of resol (F/P=3.0) and UF
resin (F/U=1.5). A mixture of resol (F/P=3.0) and
urea itself was also prepared, and its final molar ratio
was F/P/U=3/1/1.

2.2 Preparation of mixtures of 2,4,6-trimethylol-
phenol and urea

Sodium 2.4.6-trimethylolphenate, which was pre-
pared according to Freeman,” was diseolved in water
(20-30%, w/w), and acidified to pH 5.0 by 50%
H,S0,. After adding an equimolar of urea, the pHs of
the solutions were adjusted to 3.5, 9.8 and 112. The
final molar ratios of the mixtures were F/P/U=3/1/
1.
2.3 Preparation of phenol/urea/formaldehyde cocon-

densed resin

A solution of sodium 2.4,6-trimethylolphenate also
was acidified to pH 5.0 and added by a calculated
amount of urea. The mixture was adjusted to pH 2.5
and reacted at 90°C. As the reaction proceeded, the
mixture became cloudy. Finally oily precipitates
separated from the water layer. These were washed
with water several times, and dried in vacuum. Four
kinds of cocondensed resin were prepared with molar
ratios of F/P/U=3/1/1, 3/1/2, 3/1/3. and 3/1/6.
These dried resins were soluble in dimethylformamide
(DMF). Their *C-NMR (carbon 13 magnetic reso-
nance) spectra were analyzed as reported in the
previous papers.'® Table 1 shows the ratios of urea
incorporated with the cocondensed resins, which are
represented as molar ratios of urea to phenol (U/P).
2.4 Torsional braid analyses of curing processes of

resins

Torsional braid analyses was made with a free
torsional pendulum apparatus (RESCA Co. Ltd).
The liquid samples, such as resols, UF resin, blended
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resin of resol and UF resin, a mixture of resol and
urea. and a mixture of 2.4.6-trimethylolphenol and
urea. were brushed onto glass braids after adding a
curing agent or adjusting the pHs to target levels.
The TBA samples of the cocondensed resin of the
initial condensation stage also were prepared after
adjusting pHs to 3.5 and 9.5. The amounts of all dried
resins on braid generally were 60-90 mg. TBA mea-
surements were started immediately after placing
resins onto glass braids.

temperature was 3°C/min.

The rate of elevation of

Results were plotted in
terms of logarithmic decrement. ay. and relative rigid-
ity, Gt/Go = (Po/Pt)? where Po is the frequency inter-
val at the start of measurements (about 20°C) and Pt
is that at a temperature of t'C. Curing conditions for
dynamic mechanical measurements are cited in the
figures. _
2.5 Torsional braid analyses of thermal properties of

cured resins

A commercial resol was cured on a glass braid at
150°C for 30 min. and a commercial UF resin was
cured on it at 115°C for 30 min after adding ammo-
nium chloride (5%). The dried cocondensed resins
were dissolved in DMF. After adding p-touenesul-
fonic acid (PTS) or NaOH, the solutions were cured
on a grass braid at 150°C for 30 min. The amounts of
resins on glass braids were also 60-9%0mg in dry
weight. The measurements were performed under the
same conditions as stated in the previous section, and
curing conditions are shown in the figures.

resp0)?

3. RESULTS AND DISCUSSION

3.1 Curing processes of resol. UF resin, and their
mechanical blended resins

Figures 1-(1) and 1-(2) show the changes of dynamic
mechanical properties during the curing processes of
two kinds of resols different in synthetic molar ratios
of F/P. Curing processes involving the removal of
water are well demonstrated by remarkable increases
of relative rigidities. A great difference during the
curing processes could not be observed between the
two samples. The maximum peak of logarithmic
decrement appeared between 130°C and 150°C. which
was suggested to be necessary to attain complete
curing of the resol at pH 10.0. A great heat-resistance
was recognized because relative rigidity did not drop
at above 200°C. On the other hand. the curing of
urea-formaldehyde resin was completed between
110°C and 120°C as shown in Fig. 2-(1). However.
relative rigidity began to drop remarkably from
about 200°C together with the appearance of a large
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Fig.1. Torsional braid analyses on curing proces-
ses of resols different in synthetic molar
ratios at pH 10.0.
Legend : (1) Synthetic molar ratio is F/P=15, (2)
Synthetic molar ratio is F/P=3.0.
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Torsional braid analyses on curing processes of urea-formaldehyde resin and

mechanical blended resin of resol and urea-formaldehyde resins.
Legend: (1) UF resin cured with NH.Cl (1%), (2) Mechanical blended resin of resol (F/P=
3.0) and UF resin (F/U) cured at pH 5.0, (3) The same resin as (2) cured at pH 9.5.
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peak of logarithmic decrement.

The curing processes of mechanical blends of resol
and UF resin were compared between acidic (pH 5.0)
and alkaline (pH 9.5) conditions with the TBA
method as shown in Figs. 2-(2} and 2-(3). Because the
relative rigidity in acidic curing had a bending point
at about 100°C in Fig. 2-(2). the self-condensation of
UF resin was considered to proceed in a temperature
region below this point. Afterwards the seif-
condensation of phenolic resin seemed to take place.
However, the curing of phenolic resin seemed to be
incomplete, because the heat-resistance after comple-
tion of curing was quite similar to that of UF resin
itself. In alkaline curing as shown in Fig. 2-(3), on the
other hand, the blended resin followed almost the
same curing process as did resol. However, the tem-
perature to reach the maximum relative rigidity in
the blended resin was about 200°C, which was higher
than that of resol (180°C). Furthermore, this resin did
not have a good heat-resistance after completion of
curing. Therefore, it was concluded that mechanical
blending was not so effective in obtaining a coconden-
sation between phenolic and UF resins.

3.2 Reactions of 2,4,6-trimethylolphenol (TMP) with
urea

The reactions of 2.4.6-trimethylolphenol with urea
were investigated at three pH levels as shown in Figs.
3-1), 3H2), and 3~(3). In every reaction, it was shown
that the curing process involved two stages. The
sharp peaks of logarithmic decrements were observed
in the lower temperature regions between 60°C and
70°C in Figs. 3-{1) and 3-(2), and simultaneously rela-
tive rigidities increased abruptly in these regions.
Because these phenomena could not be observed in
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the cases of the curing processes of resol. UF resin.
and their blended resin. it was suggested that meth.
ylol groups of trimethylolphenol would react with
urea to produce cocondensed methylene linkages.
Furthermore. the self-condensation of producing
methylene linkages between phenolic rings was
denied by using 2.4.6-trimethyloiphenol. in which the
reactive sites of ortho- and para-positions were oc-
cupied already by methylol groups. I[n the preceding
paper. it was found that the reactivity of the p-
methylol group with urea is much more than that of
the o-methylol group with urea. From these consider-
ations it was suggested strongly that the phenomena
in the lower temperature region were attributable to
the cocondensation between the p-methylo! group of
trimethylolphenol and urea residue. It should be
noted that this first stage involves the removal of
water from the sample. Furthermore, it was suggest-
ed that the second stage of the curing process above
150'C was due to the cocondensation of o-methylol
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Fig.4.  Torsional braid analyses on curing proces-
ses of mixtures of resol and urea at differ-
ent pHs.

Legend: (1) pH 3.5, (2) pH 9.8

Notes: Molar ratios of all mixtures are F/P/U=3/
1/1.
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phenol and urea at various pHs.

Legend: (1) pH 35. (2) pH 938, (3) pH 11.2
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Torsional braid analyses on the reaction processes of mixtures of trimethylol

Notes: Molar ratios of all mixtures are F/P/U=3/1/1.
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groups with urea residue. Finally, the resins having
great heat-resistances were considered to be obtained
by these cocondensations because relative rigidities
were quite stable after completion of curings. Figures
4-(1) and 4-(2) show the results of TBA analyses the
during curing process of the mixture of resol and urea
itself. In acidic conditions (Fig. 4<1)), the curing
process also involved two stages. Under alkaline
conditions (Fig. 4-(2)), however, the first stage was
not obvious. Although this phenomenon can not be
explained at this time, it might be due to the decrease
of p-methylol groups during the storage of resol
sample or to the formation of dimethylene ether
groups which are well known to decompose to meth-
ylene linkages and formaldehyde at more than 140°C.
3.3 Curing processes of phemol-urea-formaldehyde
cocondensed resins

The TBA analyses of curing processes of the cocon-
densed resins are shown in Fig. 5-(1) and 5-(2), which
resemble Figs. 3-(1) and 3-(2), respectively. The ratio
of the amount of urea incorporated into this cocon-
densate was U/P=0.65 as shown in Table 1. In both
figures, it is obvious that the curing process involved
two stages. Here it also was suggested that the
cocondensation between p-methylol groups and urea
residues dominates the first stage. The second stage
may be due to the cocondensation between o-meth-
ylol groups and urea residues and also to self-
condensation between phenolic rings. Judging from
the decrease of relative rigidity and the behavior of
logarithmic decrement after completion of curing
reaction, the alkaline curing was superior to the
acidic curing in obtaining a great heat-resistance,
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Fig.5. Torsional braid analyses on curing proces-

ses of phenol-urea cocondensed resin at

different pHs.

Legend: (1) pH 3.5, (2) pH 9.5

Notes: Synthetic molar ratio of the resin was F/P/
U=3/1/1.

partly because phenolic methylol groups are apt to
introduce self-condensations between phenolic rings
as well as cocondensations.
3.4 Thermal properties of cured resins

In Fig.6. temperature dependence of dynamic
mechanical properties after curing are compared
between a commercial resol for plywood use and a UF
resin for wood working use. The resol displayed a
great heat-resistance within measuring temperatures.
The relative rigidity of the UF resin began to gradu-
ally decrease from about 200°C and abruptly decrease
over 250°C.

Four kinds of cocondensed resins, different in syn.
thetic molar ratios were cured at 150°C with p-
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Comparison of the thermal stabilities
between cured resol and urea-formaldehyde

resin with torsional braid analyses.
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Fig. 7. Comparison of thermal stabilities of cured
phenol-urea cocondensed resins synthesized
at various molar ratios.

Notes: All resins were cured under acidic condition.
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Table Ratios of urea residues to phenolic rings in
cocondensed phienol-urea-formaldehyde

cocondesed resins.

S)mthetic-holar rati; Incorporated molar ra;i:
F/P/U U/'P

0.63
0.8
1.0
1.4
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Fig.8. Comparison of thermal stabilities of cured
phenol-urea cocondensed resins synthesized
at various molar ratios.

All resins were cured under alkaline condi-
tion.

Notes

toluenesulfonic acid. Their thermal stabilities are
compared in Fig. 7. The ratios of urea incorporated
into the cocondensed resing were different according
to the synthetic molar ratio of F/P/U as shown in
Table 1. A drop of relative rigidity is observed from
about 150°C for the resin of F/P/U=3/1/6. This will
be derived from a low crosslinking density. Because
an excessive amount of urea will react and consume
methylol groups of methylolphenols when synthesiz-
ing the resin, it only has a small number of methylol
groups before curing. On the other hand, the resin
synthesized with the molar ratio of F/P/U=3/1/3 has
good heat-resistance after curing. The ratio of urea
incorporated into the resin will give a good stoi-

Phenol-Urea Cocondensed Resins

chiometric balance between the number of methylol
groups and urea residues.

The results of these cocondensed resins cured under
alkaline conditions are summarized in Fig.8. It is
clear that the alkaline curing brings better heat-
resistance than the acidic curing in every cocondensed
resin. Furthermore, the poor heat-resistance of UF
resin itself. as observed in Fig. 6. was not reflected in
the cocondensed resins. It also should be noted that
the heat-resistance of the cocondensed resins are
superior to that of the mechanical blended resins of
phenolic resin and UF resin, when compared with Fig.
243).

4. CONCLUSION

It can be concluded that the mechanical blending of
resol and UF resin is not effective in attaining great
thermal stability as well as in introducing coconden-
sation between phenolic and UF resins. The heat-
resistances of the cocondensed resins were indicated
to be superior to those of the mechanical blended
resins. Furthermore, the alkaline curing is better than
the acidic curing in attaining great heat-resistance
from the cocondensed resins.
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